Background: To investigate the regulatory mechanism behind miR-34a-altered Axl levels in non-small-cell lung cancer (NSCLC) with gefitinib-acquired resistance. Methods: The expression of miR-34a, Axl, Gas6 and related downstream signaling proteins in the EGFR mutant NSCLC cell lines were determined by qRT-PCR and Western blot; PC9-Gef-miR-34a and HCC827-Gef-miR-34a cells were established by transfecting the parent cells with a miR-34a overexpressing virus, then the expression of Axl, Gas6 and the downstream channel-related proteins were also compared in PC9-Gef-miR-34a and HCC827-Gef-miR-34a and drugresistant strains. The survival rate of the cells were measured by CCK8 assay. A luciferase reporter detected whether Axl was the target of miR-34a. Finally, a tumor-bearing nude mouse model was established to verify the relationship between the expression of miR-34a, Axl and Gas6 mRNA in vivo. Results: The expression levels of Axl mRNA and protein, Gas6 mRNA and protein, and related downstream proteins in PC9-Gef and HCC827-Gef cell lines were higher than those in PC9 and HCC827 parental cell lines, while the expression of miR-34a was lower than it was in the parental cell lines (P < 0.05). The expression of Axl mRNA and protein, Gas6 mRNA and protein, and related downstream signaling proteins in PC9-Gef and HCC827-Gef cell lines was higher than the expression in PC9-Gef-miR-34a and HCC827-Gef-miR-34a cells, which overexpressed miR-34a (P < 0.05). Conclusion: The miR-34a regulation of Axl plays an important role in NSCLCacquired gefitinib resistance, and their expression is inversely correlated, which suggests that they can be used as prognostic markers or potential therapeutic targets for NSCLC.
Introduction
The discovery of epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-TKIs), such as gefitinib, significantly improve the clinical efficacy of treatments for patients with EGFR-mutated advanced NSCLC, improving the patient quality of life and the prognosis. 1, 2 However, acquired drug resistance will occur in most patients after a median of 9 to 13 months of treatment. [3] [4] [5] The acquired resistance of EGFR-TKI not only allows the disease to progress in patients but also becomes the bottleneck restricting the continued use of EGFR-TKI. Therefore, TKI resistance remains a major problem for the molecular targeted therapy of NSCLC. NSCLC can acquire drug resistance through a secondary mutation of exon 20 of EGFR gene (T790M) and the amplification of c-MET gene; additionally, Axl has been recently found to correlate with the acquired drug resistance of EGFR-TKI, 5, 6 but the molecular mechanism of Axl leading to EGFR-TKI resistance in NSCLC lung cancer cells is not fully understood. Increasing evidence suggests that miRNAs may significantly affect the development and chemoresistance of lung cancer, affecting tumor sensitivity to TKI. [7] [8] [9] The function of miR-34a has been increasingly researched in NSCLC studies. Our previous studies found that miR-34a expression was significantly lower and Axl was more highly expressed in gefitinib-resistant cell lines than in controls. In this study, the expression of miR-34a and Axl in EGFR mutant NSCLC cell lines and gefitinib-resistant strains, as well as proteins in the related downstream PI3K/ AKT, MEK/ERK and JAK/STAT signaling pathways, were compared to further explore the relationship between miR-34a and gefitinib resistance; further, the analysis was performed to clarify whether miR-34a is involved in the acquired drug resistance of NSCLC with EGFR mutation through regulation of Axl.
methods

Cell lines and culture
The human NSCLC cell lines HCC827 and PC9 were purchased from American Type Culture Collection (ATCC) and cultured in RPMI-1640 medium with 10% FBS and 100 U/mL penicillin/streptomycin at 37 C in a humid atmosphere with 5% CO 2 . Previously published methods 10 were used to construct gefitinib-resistant HCC827-Gef and PC9-Gef cells. HCC827 and PC9 cells were transfected with overexpressed Axl lentivirus to establish HCC827-Axl and PC9-Axl cells. By using the SuperFect liposome transfection reagent and method, the endogenous siRNA (esiAxl) targeting Axl and empty plasmids were transfected into HCC827-Gef and PC9-Gef cells to establish the following cell lines: HCC827-Gef-esiAxl, HCC827-Gef-esiControl, PC9-Gef-esiAxl and PC9-Gef-esiControl. HCC827-Gef and PC9-Gef cells were transfected with a miR-34a overexpressing lentivirus to establish HCC827-Gef-miR-34a and PC9-Gef-miR-34a cells, respectively.
Real-time reverse transcription polymerase chain reaction (qRT-PCR)
Total RNA was obtained from cultured cells with TRIzol reagent (Invitrogen, USA) according to the manufacturer's instructions. The concentration of isolated total RNA was measured with a NanoDrop ND-1000 Spectrophotometer (Agilent, CA, USA). Genomic DNA was eliminated and RT was performed using the PrimeScript RT Reagent kit with gDNA Eraser; qPCR was performed using the SYBR Green PCR kit (both Takara Biotechnology Co., Ltd., Dalian, China) according to the manufacturer's recommendations. The process was conducted using a 7900 Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific Inc.), β-actin was used as an internal reference. The primer sequences are shown in Table 1 .
Western blot analysis
NSCLC cells were collected, total protein was extracted, and gel electrophoresis was performed to separate proteins by polyacrylic acid amine. Proteins were then transferred to a PVDF membrane, incubated in protein transferring solution at 37 C for 1 hour, washed with PBST, and incubated with primary antibodies (diluted 1:5000, according to manufacturer's instructions) at 4 C with oscillation overnight. The membrane was then washed three times with TBST, secondary antibodies were added for a1 hour incubation, and washing with TBST three times was again carried out, each time for 5 minutes. The ECL method was used at room temperature to develop the images, and the results were recorded. The expression level of each target protein was expressed as the ratio of the target protein band to the internal reference band.
Luciferase reporter assay
A liposome-mediated transfection method was used. The experimental groups were pmirGLO+ miR-NC + pRL-tk, pmirGLO+ miR-34a + pRL-tk, pmirGLO-Axl 3 0 UTR+ miR-NC + pRL-tk, and pmirGLO-Axl 3 0 UTR+ miR-34a + pRL-tk. Three replicate experiments were performed for each group. PmirGLO was the negative control for pmirGLO-Axl 3 0 UTR, miR-NC was the negative control for miR-34a, which was transfected at the same time, and pRL-tk (sea kidney luciferase) was used as an internal control. Specific transfection methods were in accordance with the Lipofectamine 2000 reagent instructions. Luciferase activity was detected by the dual-reporter assay kit from Promega, and the instrument for measuring the chemiluminescence resulting from the assay was a 30IOC chemiluminescence analyzer.
Immunofluorescence analysis
Stable cells were seeded on a BD Falcon 8-well culture slide and incubated with primary antibodies, rabbit E-cadherin and vimentin, and were then incubated with Alexa Fluor 594 goat anti-rabbit IgG. The culture slides were counterstained with Hoechst 33342 and imaged with a confocal laser-scanning microscope. Data were processed with Adobe Photoshop 7.0 software for analysis.
Xenograft studies
A total of 20 BALB/c nude mice (male, 5-6 weeks old, weighing 20-25g in weight), purchased from Shanghai Laboratory Animal Center, were selected and divided into two groups of 10 mice. One group was inoculated with a 200 μL suspension (1 × 10 8 /mL) of HCC827-Gef cells on the posterior flank skin, and the other group was inoculated with PC9-Gef cells. Tumor growth in the mice was assessed three times a week after inoculation. Tumors were measured with vernier calipers three times a week after inoculation, with volumes derived as follows: Volume = 0.5 × Length × (Width) 2 .
Statistical analysis
Data were analyzed using SPSS statistical software, version 17.0 (SPSS, Inc., Chicago, IL, USA). The comparison of the expression levels of miR-34a, Axl, Gas6 and downstream pathway-related proteins between the two groups was conducted using a t-test with two independent samples. The test level was set at a = 0.05, and P < 0.05 indicated that the difference was statistically significant.
Results
Cell survival test for HCC827, PC9, HCC827-Gef and PC9-Gef
When in the logarithmic growth phase, HCC827, HCC827-Gef, PC9 and PC9-Gef cells were treated with gefitinib at different concentrations (0.001, 0.01, 0.1, 1, 10, and 100 μmol/L). After 48 hours, a CCK8 assay was used to test the cell survival rate. Compared with parental cells HCC827 and PC9 cells treated with gefitinib at different concentrations, the survival rate of HCC827-Gef and PC9-Gef cells was higher and their sensitivity to gefitinib was lower (P < 0.05), as shown in Figure 1 .
Expression of miR-34a, Axl and Gas6 in HCC827, HCC827-Gef, PC9 and PC9-Gef cells
Using qRT-PCR and Western blot analysis, it was found that the expression levels of Axl and Gas6 mRNA and protein in HCC827-Gef cells were significantly higher than those in HCC827 cells, and the expression levels of Axl and Gas6 mRNA and protein in PC9-Gef cells were also significantly higher than those in PC9 cells. The expression of miR-34a in drug-resistant strains was lower than that in parental cells. The differences in gene expression between the drug-resistant strains and their parent strains were statistically significant (P < 0.05), as shown in Figure 2 .
Expression of downstream signaling proteins and sensitivity of each group to gefitinib compared after upregulating and downregulating Axl HCC827 and PC9 cells were transfected with an Axl overexpressing lentivirus to obtain HCC827-Axl and PC9-Axl cells, and HCC827-Gef-esiAxl and PC9-Gef-esiAxl cells were obtained by using the SuperFect liposome transfection reagent and method. The expression of downstream signaling proteins between the high and low Axl- expressing cells and the parental cells was compared, and the changes in sensitivity to gefitinib were also compared. The results showed that the expression levels of AKT, p-AKT, ERK, p-ERK, STAT3 and p-STAT3 in HCC827-Axl and PC9-Axl cells were significantly higher than those in HCC827-control and PC9-control cells; further, the sensitivity of HCC827-Axl and PC9-Axl cells to gefitinib was decreased after overexpressing Axl, and the differences were significantly different (P < 0.05). The expression levels of AKT, p-AKT, ERK, p-ERK, STAT3 and p-STAT3 in HCC827-Gef-esiAxl and PC9-Gef-esiAxl cells were significantly lower than those in the HCC827-Gef-esiControl and PC9-Gef-esiControl cells, and the sensitivity of HCC827-Gef-esiAxl and PC9-Gef-esiAxl cells to gefitinib was significantly higher than that in the control cells (P < 0.05). The results are shown in Figures 3 and 4 .
Detection of expression of Axl and Gas6 in HCC827-Gef-miR-34a, HCC827-Gef-Control, PC9-Gef-miR-34a and PC9-Gef-Control cells; survival rates of each group of cells after gefitinib treatment was detected by CCK8
HCC827-Gef and PC9-Gef cells were transfected with the miR-34a overexpressing lentivirus to establish HCC827-Gef-miR-34a and PC9-Gef-miR-34a cells. The expression of Axl and Gas6 was compared, and the results showed that the expression levels of Axl and Gas6 in HCC827-Gef-miR-34a and PC9-Gef-miR-34a cells were significantly lower than those in HCC827-Gef-Control and PC9-Gef-Control cells (P < 0.05). When HCC827-Gef-miR-34a, HCC827-Gef-Control, PC9-Gef-miR-34a and PC9-Gef-Control cells were in the logarithmic growth phase, they were treated with gefitinib at different concentrations (0.001, 0.01, 0.1, 1, 10, and 100 μmol/L). After 48 hours, CCK8 assays were used to test the cell survival rate. The results showed that the sensitivity of HCC827-Gef-miR-34a and PC9-Gef-miR-34a cells to gefitinib was higher after transfection with the miR-34a overexpressing lentivirus compared to the control, and the differences were significant (P < 0.05). All results are shown in Figure 5 .
Axl is target of miR-34a
A luciferase reporter gene was used, and the ratio of the pmir-GLO-Axl + miR-34a group was significantly reduced compared to the control group. The difference was statistically significant (P < 0.05), indicating that Axl was targeted by miR-34a. The results are shown in Figure 6 .
Nude mouse model established to verify in vitro and in vivo experimental results
A total of 10 days after inoculation, half of the nude mice in each group were injected with the miR-34a overexpressing virus via the tail vein, and all nude mice were administered gefitinib via gavage, five days per week for four to six weeks. Tumor volume changes in each group were measured at 0, 7, 14, 21, 28, 35 and 42 days after injection (seven time points). Data are mean AE S.D of three independent experiments. Compared with the control group, the tumor size in miR-34a overexpressing nude mice were significantly reduced (P < 0.05), and the results are shown in Figure 7 . The nude mice were killed 42 days after injection.Axl, Gas6, AKT, p-AKT, ERK1/2, p-ERK1/2, STAT3 and p-STAT3 were detected by immunohistochemistry, compared with the control group, the expression of related proteins in downstream pathways was significantly reduced in miR-34a overexpressing nude mice (P < 0.05), as shown in Figure S1 .
Discussion
Although the use of TKI has provided a beneficial prognosis for some patients who have advanced non-small-cell lung cancer with EGFR mutations, it has been found in clinical practice that most treated patients have different degrees of drug resistance after 9 to 13 months. [3] [4] [5] The mechanism of acquired drug resistance is not completely clear, and currently, the widely recognized mechanisms include a secondary mutation of exon 20 in the EGFR gene (T790M) and amplification of the MET gene. The latest research showed that Axl was used to control the acquired TKI resistance of NSCLC. 5, 6, [11] [12] [13] [14] Anexelekto (Axl) is a member of the receptor tyrosine kinase subfamily. Binding to growth arrest specific protein 6 (Gas6) can activate its tyrosine kinase activity and activate downstream signal transduction pathways, where it participates in cell adhesion, proliferation, apoptosis and other processes. Although there have been some studies that have examined the mechanism of how Axl induces TKI resistance in NSCLC, the specific mechanism is still unclear.
In this study, we mainly focused on Axl regulation by miR-34a and the expression of downstream signaling proteins. A miRNA can target multiple mRNAs to regulate cell proliferation, differentiation, apoptosis and other biological function. [15] [16] [17] It was found that in gefitinib-resistant cell lines, there was an inverse relationship between the expression of miR-34a, Axl and Gas6 in parental cells and drug-resistant strain cells, and there was an isotropic relationship between Axl, Gas6 and downstream PI3K/AKT, MEK/ERK and JAK/STAT related proteins. In the cell lines with gefitinib resistance, when we overexpressed miR-34a with a lentivirus, we found that Axl and Gas6 expression in drug-resistant strains was significantly lower than that in the control group, and the sensitivity of the resistant strains to gefitinib increased. When Axl was downregulated through esiRNA treatment, we found that the expression of downstream signaling proteins was significantly reduced compared with that in the control group, and the sensitivity of the cells to gefitinib increased. Our data show that miR-34a may regulate gefitinib resistance by downregulating Axl and the expression of downstream signaling proteins, and the results are consistent with the previous research. 18, 19 To date, related studies have found abnormal expression of miR-34a in a variety of tumors and cell lines, including neuroblastoma, lung cancer, and melanoma cell lines. [20] [21] [22] [23] We found that Axl was a potential target of miR-34a using Target Scan bioinformatics software, and further double luciferase reporter gene assays revealed that Axl was targeted by miR-34a. We have confirmed the inverse relationship between miR-34a and Axl through cell experiments, then established a nude mouse model. After the tail vein of tumor-carrying nude mice was injected with a lentivirus expressing miR-34a, it was found that the tumor size were significantly reduced compared with the control group; further, the expression of related proteins in downstream pathways was significantly reduced, as measured by immunohistochemistry. The results showed that the upregulation of miR-34a in vivo could further increase the sensitivity of gefitinib-resistant NSCLC cells to gefitinib. Thus, miR-34a could be used as a biomarker for NSCLC prognosis and gefitinib efficacy.
There are some limitations to our study. First, due to time constraints, no clinical specimens were included which would have enabled the study of patient survival and prognosis. Second, the number of cases was relatively small due to objective reasons. Nevertheless, the current results are the first to suggest that miR-34a plays an important role in inhibiting lung cancer cell growth by inhibiting Axl. Although we speculated that miR-34a could inhibit lung cancer by targeting Axl, there was only one miRNA and one mRNA analyzed in this study, and there may be other miR-34a targets or other miRNAs affecting the growth of lung cancer tumors. Therefore, further research is needed to confirm this hypothesis.
In conclusion, we investigated whether miR-34a regulates Axl in gefitinib-resistant cell lines. We found that dysregulated miR-34a could change tumorigenesis and gefitinib resistance in NSCLC through Axl by affecting the related downstream signaling pathways of PI3K/AKT, MEK/ERK and JAK/STAT in vitro and in vivo. Therefore, miR-34a may serve not only as a therapeutic target but also as a prognostic biomarker for NSCLC.
